Vaccination with DNA and recombinant vaccinia viruses (rec.VV) has been studied with the coxsackievirus B3 (CVB3) model system. Plasmids encoding all structural proteins of CVB3, when injected intramuscularly, induced only low levels of virus-specific antibodies. However, DNA vaccination with the major structural protein VP1 protected 72.2% of mice from lethal challenge, whereas VP1 expressed by rec.VV was much less efficient.
Vaccination with DNA and recombinant vaccinia viruses (rec.VV) has been studied with the coxsackievirus B3 (CVB3) model system. Plasmids encoding all structural proteins of CVB3, when injected intramuscularly, induced only low levels of virus-specific antibodies. However, DNA vaccination with the major structural protein VP1 protected 72.2% of mice from lethal challenge, whereas VP1 expressed by rec.VV was much less efficient.
Coxsackievirus B3 (CVB3), a member of the picornavirus group, is an important human pathogen. This virus, along with other enteroviruses, is involved in at least 50% of acute myocarditis cases and approximately 25% of dilated cardiomyopathy cases (2, 8) . Despite the immense accumulation of molecular data and the observations that commonly useful vaccination procedures are applicable in murine models (4) , so far there are no virus-specific preventive or therapeutic procedures available that protect humans against coxsackievirusinduced heart diseases. Immunization with DNA or recombinant vaccinia viruses (rec.VV) affords the opportunity to establish new preventive procedures against lethal CVB3 infections. In this study, we show that DNA vaccines can protect mice against CVB3-induced diseases and a comparison between immunization with DNA or rec.VV demonstrates that the efficiency of the induced protection was dependent on (i) the type of vaccine used and (ii) the CVB3 protein expressed.
VP1 is the major capsid protein of CVB3, and several B-and T-cell epitopes are located within this protein (6) . Therefore, after removing the reporter gene ␤-galactosidase from the parental vector pCMV-␤ (Clontech, Palo Alto, Calif.), the coding sequence specific for VP1 (851 bp) was amplified by PCR from the CVB3 cDNA (11) , cloned into the plasmid pCMV, and named pCMV/VP1. In order to analyze the possibility that additional immunogenic epitopes may increase the immune reaction in vivo, we constructed the plasmids pCMV/ VP4-2, pCMV/VP3-1, and pCMV/VP4-1, which encode overlapping sequences of all capsid proteins of CVB3 (Fig. 1A ): VP4 and VP2 (995 bp), VP3 and VP1 (1,556 bp), and VP4 through VP1 (2,561 bp). Expression from these plasmids was confirmed in vitro by transient transfection of HeLa cells. After RNA isolation, DNase digestion, and reverse transcriptase reaction, the transcriptional activity of all plasmids was confirmed by PCR (Fig. 1B, Transcription) . In addition, the translation of VP1 in pCMV/VP1-transfected HeLa cells was confirmed by Western blotting (Fig. 1B, Translation) . Proteins VP4 through VP1, VP3 and VP1, and VP4 and VP2 are processed into single proteins during normal viral infection and were not recognized by the polyclonal antiserum; therefore, we could not confirm protein expression from these plasmids.
After the expression from the DNA vaccines was analyzed in vitro, BALB/c mice were inoculated intramuscularly (i.m.) twice in each quadriceps muscle separately with 100 g of plasmid DNA at 4-week intervals. One group of mice remained untreated. All sera obtained prior to immunization were negative for CVB3 antibodies (data not shown). Four weeks after every injection, sera were analyzed for the presence of CVB3-specific antibodies by Western blotting and enzyme-linked immunosorbent assay (ELISA) ( Fig. 2 and Table  1 ). Four weeks after the first plasmid inoculation, no virusspecific antibodies were detectable by Western blot analysis ( Fig. 2A) . However, 4 weeks after the second immunization, antibodies which were present in sera of pCMV/VP1-(lanes 2 to 6) as well as pCMV/VP4-2 (lanes 12 to 16)-immunized mice were able to bind virus-specific proteins with the molecular weight of capsid protein VP1 or VP2 (lane 1) of CVB3 (Fig.  2B) . No or only a very few virus-specific antibodies were detectable in sera of mice treated with pCMV/VP3-1 (lanes 7 to 11) or pCMV/VP4-1 (lanes 17 to 21), using this method. In addition, levels of anti-CVB3 immunoglobulin M (IgM)-or IgG-specific antibodies were also assessed by ELISA, using purified CVB3 as a target antigen. pCMV-injected mice were used as negative controls. No increase of IgM titers in sera of all immunized mice was detectable in comparison to antibody concentrations in control mice (Table 1) . This result may reflect the relatively late time point employed, when the IgM response may have already been converted to the production of IgG antibodies. However, it has been shown before that, by using the cytomegalovirus promoter system to express the influenza virus hemagglutinin glycoprotein, i.m. administration of plasmid DNA induced only low to undetectable IgM titers of ELISA activity in mice (5). In contrast, detectable IgG antibody levels were present after the second DNA inoculation, especially in sera of mice inoculated with the pCMV/VP1 and pCMV/VP4-2 constructs. This result confirms the data obtained by Western blot analysis suggesting that modest boosting has occurred ( Table 1) . Levels of IgG-specific antibodies raised by our DNA vaccines after the second immunization were low in comparison to antibody titers induced during acute viral infections, but low levels of IgG-specific or total antibody concentrations were also found in sera of mice inoculated with DNA vaccines against influenza virus or against lymphocytic choriomeningitis virus, respectively (5, 15, 16) . These results may be due to the fact that (i) proteins encoded by our DNA vaccines may not be processed efficiently, (ii) using DNA vaccines, the expression of viral proteins is usually noncytopathic, and viral proteins are not released from trans-fected cells, or (iii) CVB3 is a cytoplasmic virus, and expression of CVB3-specific RNA sequences in the nucleus exposes them to unusual transcriptional and posttranscriptional pathways which could be responsible for low levels of protein concentrations in transfected target cells.
Four weeks after the second vaccination, mice were subjected to intraperitoneal (i.p.) challenge with a normally lethal dose of CVB3 (Nancy), a cardiopathogenic strain (designated H3) of the original stock of CVB3 obtained from J. F. Woodruff and isolated by S. A. Huber. The virus was propagated and purified as described previously (7) . After the challenge, the number of surviving animals was monitored up to 28 days postinfection (p.i.). No excess mortality was noted beyond this time point. As shown in Fig. 3 , the most effective vaccine in our study was the pCMV/VP1 construct, conferring protection on 72.2% of mice (13 of 18). i.m. inoculation of the plasmids pCMV/VP4-1, pCMV/VP3-1, and pCMV/VP4-2 was less effective, inducing incomplete protection of between 30.8% (4 of 13 with pCMV/VP4-2), 23.1% (3 of 13 with pCMV/VP4-1), and 14.3% (2 of 14 with pCMV/VP3-1). Because VP1 is expressed as a fusion protein in pCMV/VP3-1 and pCMV/VP4-1, the immune response to this molecule may be less able to recognize the native VP1 molecule. A similar argument may apply to the failure of the pCMV/VP4-2 construct, since previous work (1) shows that VP2 contains important epitopes. The expression of VP2, VP3, and VP4 as single proteins should clarify this issue. However, the low level of anti-CVB3-specific antibody is unlikely to explain the good protection we induced by administration of the pCMV/VP1 construct. It is likely that immune responses other than antibodies play a role in the pCMV/VP1-induced protection. Therefore, the cellular immune response in vaccinated mice is under investigation now.
In order to analyze a second immunization procedure, using rec.VV, the PCR-derived subgenomic CVB3 fragment of VP1 was cloned into the StuI-SpeI site of the transfer plasmid pSC 11 (3) . After homologous recombination with the wild-type virus, rec.VV VV-VP1 was isolated by using standard methods (12, 14) . Protein expression of VP1 was analyzed by Western blotting (Fig. 4) . Protein bands, specific for VP1 of CVB3, were easily detectable in CVB3-and VV-VP1-infected HeLa cell extracts (lanes 1 and 3) when probed with a murine antiserum raised against the VP1 protein of CVB3. No virus-specific band BALB/c mice were inoculated i.p. with 10 7 PFU of VV-VP1. Four weeks postvaccination, sera were analyzed for the presence of anti-CVB3 antibodies by ELISA, using purified CVB3 as a target antigen. VVSC 11 -infected and noninfected mice were used as negative controls. Low amounts of detectable IgG-specific antibody concentrations were present only in sera of mice inoculated with VV-VP1, similar to the findings of some other groups using rec.VV to express foreign proteins (9, 10). After being bled, mice were challenged with 5 50% lethal doses (LD 50 ) of CVB3 and the number of surviving animals was monitored for up to 28 days p.i. No excess mortality was noted beyond this time point. As shown in Table 2 , vaccination with VV-VP1 was not effective in BALB/c mice, in contrast to the protection induced by pCMV/VP1. Using VV-VP1, only 5.6% (1 of 18) of mice survived the lethal CVB3 challenge. However, there was a delay of death in VV-VP1-vaccinated mice, which died up to and during a period of 21 days postchallenge, whereas mice of all control groups were dead 7 days postchallenge. In contrast, using C57BL/6 mice in VV-VP1 immunization studies, we were able to induce up to 50% protection (data not shown). The question remains as to why the VP1 expression by rec.VV was ineffective in inducing a protective immune response in BALB/c mice in comparison to the VP1 expression by a DNA vaccine. One possible explanation for this result is that some mouse strains, like the BALB/c mice in the VV-VP1 studies, could be nonresponders when rec.VV is used for immunization studies, as demonstrated by Schirmbeck et al. (13) . They found that DNA vaccination was able to induce an immune response against a hepatitis B virus surface antigen in a specific strain of mice which were nonresponders when rec.VV was used as an expression vehicle.
Furthermore, 45-day-p.i. paraffin sections of murine heart tissue were stained with hematoxylin-eosin or with Sirius red and analyzed microscopically for ongoing inflammation or fibrosis. In heart tissue of nonimmunized surviving BALB/c mice, infected with 1 LD 50 of CVB3, histopathological changes were detectable. This was demonstrated by the presence of fibrotic tissue (Fig. 5E and F) , indicating tissue destruction earlier during the infection. Using heart tissue of plasmid-or rec.VV-vaccinated mice, we could not detect any disorders in the myocardium of surviving animals, indicating that CVB3 was not able to cause tissue destruction, inflammation, or fibrosis in protected animals ( Fig. 5A through D) . Further experiments will be focused on the characterization of the viral load in the murine heart tissue of vaccinated mice after challenge and the characterization of the differences between both immunization procedures in causing protection. 
